The ␦2 glutamate receptors are prominently expressed in Purkinje cells and are thought to play a key role in the induction of cerebellar long-term depression. The synaptic and subsynaptic localization of ␦ receptors in rat cerebellar cortex was investigated with sensitive and high-resolution immunogold procedures. After postembedding incubation with an antibody raised to a C-terminal peptide of ␦2, high gold particle densities occurred in all parallel fiber synapses with Purkinje cell dendritic spines, whereas other synapses were consistently devoid of labeling. Among the types of immunonegative synapse were climbing fiber synapses with spines and parallel fiber synapses with dendritic stems of interneurons. At the parallel fiber-spine synapse, gold particles signaling ␦ receptors were restricted to the postsynaptic specialization. By the use of double labeling with two different gold particle sizes, it was shown that ␦ and AMPA GluR2/3 receptors were colocalized along the entire extent of the postsynaptic specialization without forming separate domains. The distribution of gold particles representing ␦ receptors was consistent with a cytoplasmic localization of the C terminus and an absence of a significant presynaptic pool of receptor molecules. The present data suggest that the ␦2 receptors are targeted selectively to a subset of Purkinje cell spines and that they are coexpressed with ionotropic receptors in the postsynaptic specialization. This arrangement could allow for a direct interaction between the two classes of receptor.
The ␦ glutamate receptors (␦1 and ␦2) constitute a separate family of proteins that, on the basis of their amino acid sequence, has been positioned between the NMDA and AMPA receptor families (Yamazaki et al., 1992; Araki et al., 1993; Lomeli et al., 1993) . Yet the functional properties of the ␦ receptors seem to differ fundamentally from those of the ionotropic receptors: they do not form functional ion channels when expressed in transfected cells (Araki et al., 1993; Lomeli et al., 1993) and do not bind glutamate or glutamate agonists such as AMPA and kainate (Lomeli et al., 1993; Mayat et al., 1995) .
Important insight into the possible roles of the ␦2 subunit was provided recently by analyses of mutant mice that lacked this receptor Kashiwabuchi et al., 1995) . This ␦ subunit normally is predominantly expressed in the cerebellum (Araki et al., 1993; Lomeli et al., 1993; Mayat et al., 1995; Takayama et al., 1995) . In agreement, the mutant mice exhibited defects that could be attributed to cerebellar dysfunction, such as an impairment of motor coordination (Kashiwabuchi et al., 1995) .
This was accompanied by a strong reduction in cerebellar longterm depression (LTD), confirming previous studies based on the use of antisense technology (Hirano et al., 1994) . LTD has been proposed as a cellular correlate of motor learning (Ito, 1989) and is thought to be mediated by alterations in the number or sensitivity of AMPA receptors (Linden, 1994) .
The mechanisms by which the ␦2 receptor contributes to LTD have not been resolved. Among other things one needs to know how this subunit is organized at cerebellar synapses. Light and electron microscopic studies based on standard pre-embedding immunocytochemistry (Mayat et al., 1995; Takayama et al., 1995) suggested that the ␦2 receptor is localized primarily in Purkinje cells and that it is concentrated at the parallel fiber-Purkinje cell synapses-the locus of LTD expression (Linden, 1994) . However, reflecting the limitations of immunoperoxidase procedures (see discussion in Baude et al., 1995) , no data were obtained on the arrangement of the ␦2 receptors in synaptic and nonsynaptic membranes, their relative levels of expression in different types of synapse, and their spatial relation to AMPA receptors. The aim of the present study was to provide such information. To this end we have used a postembedding immunogold procedure that has been refined for optimum sensitivity and ultrastructural preservation (Matsubara et al., 1996) .
MATERIALS AND METHODS
Tissue preparation. Male Wistar rats (250 -300 gm; n ϭ 3) were anesthetized with sodium pentobarbital (50 mg/kg) and subjected to transcardiac perfusion with 2% dextran (MW 70,000) in 0.1 M sodium phosphate buffer (PB; pH 7.4, 4ЊC, 15 sec), followed by a mixture of glutaraldehyde (0.1%) and formaldehyde (4%; freshly depolymerized from paraformaldehyde) in the same buffer (room temperature, 50 ml/min for 20 min). The brain was left in situ overnight (4ЊC). Specimens from the cerebellum (lobule VI) and hippocampus (CA1) were isolated, cryoprotected in graded concentrations of phosphate-buffered glycerol, and rapidly frozen in liquid propane (Ϫ170ЊC) in a cryofixation unit (Reichert KF80, Vienna, Austria). The specimens were transferred to 0.5% uranyl acetate dissolved in anhydrous methanol (Ϫ90ЊC) in a cryosubstitution unit (AFS; Reichert). The temperature was raised stepwise to Ϫ45ЊC. The samples were infiltrated with Lowicryl HM20 resin (Lowi, Waldkraiburg, Germany), and polymerization was induced by UV light for 48 hr. A detailed description of the procedure has been published (Hjelle et al., 1994; Chaudhry et al., 1995) (also see van Lookeren Campagne et al., 1991) .
Immunoincubation. Ultrathin sections were mounted on nickel grids or gold-coated grids and processed for immunogold cytochemistry as described by Matsubara et al. (1996) . Briefly, the sections were treated with a saturated solution of NaOH in absolute ethanol (2-3 sec), rinsed, and incubated sequentially in (1) 0.1% sodium borohydride and 50 mM glycine in Tris buffer containing 0.05 M NaCl and 0.1% Triton X-100 (TBNT); (2) 2% human serum albumin (HSA) in TBNT; (3) antibodies to ␦ or AMPA receptors (1 g/ml and 2 g/ml, respectively) in TBNT and 2% HSA; (4) 2% HSA in TBNT; and (5) goat anti-rabbit immunoglobulins coupled to 5, 10, 15, or 30 nm gold particles (Amersham, Arlington Heights, IL) and diluted 1:20 in TBNT with 2% HSA or with 2% HSA and 5 mg/ml polyethyleneglycol. Finally, the sections were counterstained and examined in a Philips CM10 transmission electron microscope.
Double labeling was performed as described by Ottersen et al. (1992) , using formaldehyde vapor (Wang and Larsson, 1985) to prevent interference between the sequential incubations. GluR2/3 and ␦ receptors were distinguished by means of different gold particle sizes (10 or 15 nm for GluR2/3 and 30 or 5 nm for ␦).
Antisera. The ␦ receptor antibody was raised against a synthetic peptide (QPTPTLGLNLGNDPDRGTSI) corresponding to the C terminus of the rat glutamate ␦2 receptor subunit (Mayat et al., 1995) . This antibody also recognizes the ␦1 receptor subunit but does not label other glutamate receptors, including AMPA and NMDA receptors (Mayat et al., 1995) . The AMPA receptor antibody (Ab 25; Wenthold et al., 1992) reacts with GluR2 as well as GluR3. Both antibodies were affinity-purified.
Control experiments. The ␦ receptor antibody (1 g/ml) was substituted with 1 g/ml nonimmune IgG or preadsorbed with 50 g/ml of one of the following peptides: (1) peptide corresponding to the C-terminal 20 amino acids of the ␦2 receptor (i.e., the peptide used for immunization), (2) peptide corresponding to amino acids 850 -862 of AMPA GluR2 (used to generate the AMPA GluR2/3 antibody), or (3) peptide corresponding to amino acids 877-889 or 868 -881 of AMPA GluR1 or GluR4, respectively (Wenthold et al., 1992) . Controls for double labeling included omission of the first or the second primary antibody and reversal of the antibody sequence.
Quantitative analysis. Different types of synapse were identified on morphological criteria (Palay and Chan-Palay, 1974) in electron micrographs sampled throughout the thickness of the cerebellar cortex. For each transversely cut synaptic profile with well defined postsynaptic density, the length of the postsynaptic specialization was measured, and the number of associated gold particles was counted. The immunolabeling density was expressed as the number of gold particles per micrometer of postsynaptic specialization.
The distribution of labeling along the axis perpendicular to the postsynaptic density was assessed at high magnification by recording the distance between the midpoint of the postsynaptic membrane and the centers of the gold particles.
The lengths of the postsynaptic membranes relative to the total plasma membrane lengths were estimated in micrographs according to the procedure described by Gundersen et al. (1988) , using a transparent overlay with lines arranged in a regular tessellation. Intersections with profile boundaries were recorded only where the membranes were distinct, thus excluding any membrane that had been obliquely cut by the plane of section. The number of gold particles associated with synaptic and nonsynaptic membranes was counted.
The cross-sectional area of spines relative to the total area of the analyzed tissue was calculated by point counting, using an overlay similar to that described above (Gundersen et al., 1988) .
RESULTS

Differential expression of ␦1/␦2 receptors at cerebellar synapses
As noted in Materials and Methods, the ␦ receptor antibody recognizes the ␦1 as well as the ␦2 subunit. Among the different synapses in the cerebellar cortex only those between parallel fibers and Purkinje cell spines exhibited significant immunolabeling for ␦1/␦2 receptors (Table 1; Figs. 1-3). The linear density of gold particles at this type of synapse was 20 per micrometer, while no particles were recorded at other synapses in the sample (Table 1) . Immunonegative synapses included those between climbing fibers and Purkinje cell spines ( Fig. 2 A) , between mossy fiber terminals and granule cell dendritic digits (Fig. 2 B) , and between parallel fibers and dendritic stems (Fig. 3A,B) . Densities postsynaptic to terminals of stellate cells (Fig. 3B ) or basket cells (not illustrated) also were devoid of labeling. Similarly, no or, in some cases, a single gold particle was found to be associated with asymmetric spine synapses in the stratum oriens and radiatum of the hippocampus (Fig. 3B , inset). The hippocampal sections had been incubated together with those from the cerebellum to ensure identical incubation conditions. The same pattern of labeling was obtained in each of the three animals subjected to investigation.
Replacement of the primary antibody with nonimmune IgG or preadsorption with the peptide used for immunization ( Fig. 2 B, right inset) abolished the labeling, whereas preadsorption with AMPA receptor peptides had no effect ( Fig. 2 B, 
left inset).
Synaptic versus nonsynaptic expression of ␦1/␦2 receptors
In preparations based on the use of 15 nm gold particles (which gave negligible background labeling; see legend to Table 2 ) ϳ90% of the total number of particles in the molecular layer was associated with the postsynaptic specializations of parallel fiber synapses with spines (Table 2 ; Figs. 1, 2, 3A). The postsynaptic specializations constitute 3% of the total boundary length in the sampled area (Table 2) , implying an ϳ800-fold enrichment of the labeling at these sites. Approximately one-third (32%) of the particles that were situated outside of postsynaptic densities could be attributed to nonsynaptic membranes, while the remaining particles occurred over cytoplasmic compartments ( Table 2 ).
The few particles that were associated with nonsynaptic membranes did not seem to show any preference for specific membrane compartments. Notably, there was no enrichment of immunoreactivity in the glial membranes that surround the parallel fiber-spine synapses (Figs. 1, 2 ) or in the spine plasma membranes lateral to the postsynaptic densities. The interior of the spines contained ϳ25% of the particles that were located in cytoplasmic compartments (Figs. 1 A, arrow; 3A, arrowhead), yet the spines constituted only 6% of the volume (Table 2) . Although this could point to a modest enrichment of immunoreactivity within the spines, it must be noted that the particle numbers were small. All particles that were recorded as belonging to the spine cytoplasm were located Ͼ28 nm away from the postsynaptic specialization and thus could not be attributed to the receptors at this site (Matsubara et al., 1996) .
Organization of ␦1/␦2 receptors in the postsynaptic densities
Gold particles signaling ␦ receptors were found along the entire extent of the postsynaptic specialization (Fig. 1, inset) . The quantitative analysis revealed that the density of labeling was quite uniform from the center to the periphery of the synapse, except for a slight reduction near the margin of the postsynaptic thickening (Fig. 4 A) . This pattern of distribution was reproduced in individual subpopulations of the total sample of synapses (data not shown). As to the distribution of gold particles along the axis perpendicular to the synaptic specialization, it was found that 83% of the particles were localized postsynaptic to the midpoint of the postsynaptic membrane (Fig. 4 B) .
Comparative distribution of ␦1/␦2 and AMPA receptors Double-labeled preparations that used two different gold particle sizes revealed a colocalization of ␦1/␦2 and AMPA GluR2/3 receptors at the parallel fiber synapses with spines ( Fig. 5A-E,G,H ) . In contrast, postsynaptic densities facing climbing fibers (Fig. 5F ) were single-labeled for AMPA receptors. The same was true of mossy fiber synapses and parallel fiber synapses with dendritic stems (data not shown).
The gold particles signaling AMPA receptors occurred throughout the postsynaptic specialization of the parallel fiberspine synapses and were intermingled with those signaling ␦1/␦2 receptors ( Fig. 5A-E) . Reversal of the antibody sequence did not Figure 1 . Distribution of ␦ receptor immunoreactivity at synapses between parallel fibers (Pf ) and Purkinje cell spines (s). Seven synapses of this category are shown in the micrograph, and each displays at least three gold particles. The synapse at top center is obliquely cut, the two rows of particles representing receptors exposed at opposite surfaces of the section. Asterisks indicate glial lamellae. Only seven particles are not associated with any postsynaptic density; of these, one is found within a spine (arrow) and two within other intracellular compartments (arrowheads). Inset, Higher magnification of a parallel fiber synapse. Gold particles occur along the entire postsynaptic density (delimited by arrowheads). M, Mitochondrion. Gold particles, 15 nm. Scale bars: 0.5 m; inset, 0.1 m. cause any alterations in the pattern of labeling, whereas omission of the first or second antibody selectively removed the respective gold particle size (data not shown).
Postsynaptic membranes were identified that had been cut more or less tangentially, thus exposing a two-dimensional rather than a linear receptor matrix (Fig. 5G,H ) . Because of the curvature of the synaptic specialization, only part of it would be accessible to the immunoreagents even if tangentially cut. At such sites it could be seen that the two receptor types did not occupy separate domains, although spots were found in which one or the other gold particle size was in clear excess ( Fig. 5H ) . At the tangentially cut surfaces the density of 5 nm gold particles representing ␦ receptors was typically higher than 10 particles per 10 4 nm 2 (e.g., Fig. 5H, right) . A similar labeling intensity was observed in tangentially cut postsynaptic membranes labeled with 15 nm gold particles (data not shown). As was the case for the larger gold particle sizes, the 5 nm gold particles were restricted to parallel fiber synapses with spines.
DISCUSSION
The ␦2 receptor is expressed selectively at parallel fiber-Purkinje cell synapses The ␦ receptors belong to the superfamily of glutamate receptors (Yamazaki et al., 1992; Araki et al., 1993; Lomeli et al., 1993) . Although the role of the ␦1 subunit remains obscure, it was shown recently that knockout of the ␦2 subunit produces severe deficits in motor coordination and cerebellar long-term depression (Kashiwabuchi et al., 1995) . In the same study, electrophysiological evidence was obtained of multiple climbing fiber innervation. To translate these findings into a better understanding of cerebellar function, we needed to identify the precise loci of ␦2 receptor expression. Although previous evidence has pointed to its localization in Purkinje cells and at parallel fiber-spine synapses (Araki et al., 1993; Lomeli et al., 1993; Hirano et al., 1994 Hirano et al., , 1995 Mayat et al., 1995; Petralia et al., 1995; Takayama et al., 1995) , it must be resolved whether the ␦2 receptor also occurs at other synaptic sites, whether it is expressed presynaptically or in nonsynaptic membranes, and how it is associated with AMPA receptors at the synaptic and subsynaptic levels. With immunocytochemistry such issues can be settled by use of particulate markers, which are nondiffusible and thus provide a spatial resolution limited mainly by the molecular sizes of the immunoglobulins or immunoglobulin fragments (Ottersen, 1989; Kellenberger and Hayat, 1991) .
Because postembedding immunogold labeling is restricted to those epitopes that are exposed at the surface of the section, a low labeling intensity is a recurrent problem when this approach is applied to glutamate receptors. However, by optimizing the conditions for tissue preparation and immunoincubation (Matsubara et al., 1996) , it has been possible to achieve a sensitivity that permits a quantitative analysis of the issues mentioned above.
The present study revealed a remarkable selectivity in the synaptic expression of ␦ receptors in the cerebellar cortex. All synapses between parallel fibers and Purkinje cell spines appeared to be labeled, although no significant labeling was associated with other types of synapse. The same pattern was reproduced with three different gold particle sizes. Nevertheless, absence of labeling in a particular type of synapse must be interpreted with caution. Masking of antigens could pose a problem, but the occurrence of AMPA immunogold labeling in synapses devoid of ␦ receptor immunoreactivity (climbing fiber synapses with spines and parallel fiber synapses with dendritic stems) shows that the receptor matrix in these synapses is accessible to the immunoreagents. Further, the sensitivity remains an issue to be considered, despite recent improvements. Although the labeling efficiency cannot be defined in absolute terms, it must be quite high, as judged by the close spacing of gold particles at tangentially cut synaptic specializations. Even a very small pool of receptors should be picked up by the procedure in the absence of significant background labeling. Thus it would seem reasonable to conclude that the ␦ receptor density must be orders of magnitude higher in the parallel fiber-spine synapses than in other types of synapse in the cerebellar cortex.
The antibody used here recognizes the ␦1 receptor as well as the ␦2 receptor (Mayat et al., 1995) . To assess the extent to which the ␦1 receptor had contributed to the present pattern of immunolabeling, we processed the cerebellar sections together with hippocampal sections from the same animals. In situ hybridization analyses have shown that, although the hippocampus does not contain detectable levels of ␦2 subunit mRNA (Araki et al., 1993; Lomeli et al., 1993) , it is the brain structure that is richest in ␦1 mRNA (Lomeli et al., 1993) . The very weak labeling obtained by the ␦ receptor antibody in synapses of coprocessed hippocampal sections suggests that the labeling in the cerebellum is attributable primarily to the presence of the ␦2 receptor. This would agree with previous observations based on other approaches (Mayat et al., 1995) . In the remaining Discussion, the labeling will be considered to reflect the ␦2 receptor distribution.
The absence of detectable ␦2 receptor expression postsynaptic to climbing fibers implies that the Purkinje cell can target this receptor subunit to a specific subpopulation of its spines. It is also clear that ␦2 receptor expression is not induced indiscriminatively by parallel fibers, because such receptors were not found at parallel fiber synapses with stem dendrites of interneurons. The results suggest that the expression of the ␦2 receptor is contingent on a unique combination of pre-and postsynaptic elements. The values represent the number of gold particles. The analysis was based on 40 micrographs covering a total area of ϳ500 m 2 (same material as in Figs. 1, 2 ) and including 66 parallel fiber-spine synapses. No background labeling could be detected over tissue-free resin (0 particles recorded in 50 m 2 ), and only two particles were recorded over 60 m 2 of neuropil in coprocessed hippocampal sections (synaptic membranes excluded). The areal fraction of spines was 5.7%. Particles were defined as belonging to plasma membranes if they were located within 28 nm of the membrane (Matsubara et al., 1996) . The relative boundary length was calculated as described in Materials and Methods.
The ␦2 receptor occurs at low concentrations in nonsynaptic compartments Only ϳ3% of the gold particles signaling the ␦2 receptor were associated with nonsynaptic membranes. This suggests that the functional impairments observed after ␦2 receptor knockout (Kashiwabuchi et al., 1995) must be understood on the basis of a selective effect on parallel fiber-spine synapses and that glial or other nonsynaptic membranes are not primarily involved. Also, the cytoplasmic pool of receptor protein seemed to be small, as compared with the synaptic pool. A detailed analysis of the cytoplasmic pool was outside the scope of the present study.
Organization of ␦2 receptors at the parallel fiber-spine synapse
Recently, it has become clear that different glutamate receptors have distinct patterns of distribution at the synapse and that this may have important functional implications (Hayashi et al., 1993; Nusser et al., 1994; Baude et al., 1995; Chittajallu et al., 1996; Petralia et al., 1996; Shigemoto et al., 1996) . Although several types of metabotropic receptor have been localized to the presynaptic membrane or lateral to or at the periphery of the postsynaptic density, the AMPA receptor subunits seem to occur at high concentrations in the postsynaptic specialization itself (Baude et al., 1995; Phend et al., 1995; Matsubara et al., 1996; Popratiloff et al., 1996) . Specifically in the case of the parallel fiber synapses, immunogold techniques revealed that mGluR1␣ is located peripherally in the synapse, whereas AMPA receptor subunits were found over the main body of the synaptic specialization (Baude et al., 1993; Nusser et al., 1994) . The recent finding in a peripheral glutamate synapse that AMPA receptors may be distributed heterogeneously within a single postsynaptic specialization (Matsubara et al., 1996) opens up the possibility that the different ionotropic receptors are not inserted in the synaptic membrane in a random manner but are targeted preferentially to specific parts of the receptor matrix.
The ␦2 receptors do not seem to form functional ion channels when expressed in transfected cells (Araki et al., 1993; Lomeli et al., 1993 ), yet in terms of their subsynaptic organization they are to be grouped together with the ionotropic glutamate receptors rather than with the metabotropic ones. Thus, the present data suggest that the ␦2 receptors are restricted to the postsynaptic specialization. The few gold particles that were found lateral to the specialization may be accounted for by the length of the immunoglobulin "bridge" between the epitope and gold particle (see legend to Fig. 4) .
Because LTD is believed to be expressed via alterations in the properties or number of AMPA receptors (Linden, 1994) , it was of interest to examine the spatial relation between the ␦ and AMPA receptor molecules. The double-labeling data indicated that both types of receptor are expressed along the entire extent of the postsynaptic density and that they do not form separate domains. This arrangement opens for a relatively direct interaction between the two receptors, which could be relevant in LTD . Whether AMPA and ␦ receptors physically are coupled or coassembled cannot be resolved at the resolution of immunogold procedures, but immunoprecipitation experiments have not provided evidence in support of this (Mayat et al., 1995) .
The distribution of gold particles perpendicular to the synaptic specialization strongly suggests that the epitopes are localized at the cytoplasmic aspect of the postsynaptic membrane, implying an intracellular location of the C terminus. This is in agreement with the proposed topology of AMPA receptors (Hollmann et al., 1994; Molnar et al., 1994; Bennet and Dingledine, 1995) with which the ␦2 receptor shares a 21-24% amino acid sequence identity (Araki et al., 1993) . The gold particle distribution revealed no peak that could indicate the presence of a presynaptic pool of ␦2 receptors. Figures 1 and 2 . A, Immunolabeling occurs along the entire mediolateral extent of the postsynaptic density, but the concentration of particles shows a slight decrease near the margin of the synapse. This decrease can be explained on methodological grounds if one takes into account that the gold particle density at any one point is a function of the antigen concentration within a radius of ϳ28 nm (Matsubara et al., 1996) . Similarly, the few particles situated lateral to the margin of the postsynaptic thickening can be attributed to epitopes located in the thickening itself. Synapses (n ϭ 68) were selected for analysis only if the radius of the postsynaptic density profile exceeded 150 nm. This should ensure the inclusion of central as well as peripheral parts of the density (the diameter of the postsynaptic density is in the range of 250 -500 m; Palay and Chan-Palay, 1974) . The abscissa indicates the mediolateral extent of the postsynaptic density in percentage of distance from the center of the profile (0%) to the margin (100%). B, Gold particles signaling the ␦ receptor are found predominantly at the postsynaptic side of the postsynaptic membrane (n ϭ 23). The distances between the centers of the gold particles and the midpoint of the postsynaptic plasma membrane were grouped into bins 4 nm wide (bin centers indicated; minus signs denote bins presynaptic to the reference point).
Conclusions
To our knowledge this is the first high-resolution immunogold analysis of a member of the ␦ glutamate receptor family. The data suggest that the ␦2 subunit is targeted to the spines that are postsynaptic to parallel fibers, but not to those that are postsynaptic to the climbing fibers, which form the other main excitatory input to the Purkinje cells. In contrast, AMPA receptors are expressed in both types of synapse. This shows that postsynaptic neurons may compose distinct glutamate receptor profiles dependent on the identity of the presynaptic element. The organization of the ␦2 receptors in the postsynaptic membrane mimics that of AMPA receptors in regard to tangential distribution (highly concentrated in postsynaptic specialization) and membrane topology (intracellular C terminus). The two types of receptor show a close spatial association that could underlie their ability to interact in conditions of synaptic plasticity.
